Abstract. Boron diffusion in Si and strained SiGe with and without C was studied. Using gassource molecular beam epitaxy (MBE), B containing epitaxial layers of: (i) Si, (ii) Si containing 0.1% C, (iii) SiGe with 11% Ge and (iv) SiGe with 11% Ge and with a 0.1% C, were grown on substrates. These samples were then rapid thermal annealed (RTA) at 940, 1000 and 1050°C in an O 2 ambient. Self-interstitial-, vacancy-and non-injection conditions were achieved by annealing bare, Si 3 N 4 -and Si 3 N 4 +SiO 2 -coated surfaces, respectively. Concentration profiles of B, Ge and C were obtained using Secondary-Ion Mass Spectrometry (SIMS). Diffusion coefficients of B in each type of matrix were extracted by computer simulation. We find that B diffusivity is reduced by both Ge and C. The suppression due to C is much larger. In all materials, a substantial enhancement of B diffusion was observed due to self-interstitial injection compared to non-injection conditions. These results indicate that B diffusion in all four types of layers is mediated primarily by interstitialcy type defects.
Introduction
High frequency performance of SiGe heterojunction bipolar transistors (HBTs) can be further improved by increasing the B doping level in the base region of the transistor, and also by narrowing the base-width. However, out-diffusion of B into adjacent collector and emitter regions during thermal processing restricts both the amount of B doping and the width of the region (see for example [1, 2] and references therein). By incorporating a small amount of C in the base, diffusion of B can be reduced considerably, and hence heavily doped base regions can be achieved in SiGe:C based HBTs.
In pure Si and SiGe, B diffusion is thought to proceed mainly via interstitialcy-type defects [3, 4] . Incorporation of C, even at fairly low concentrations (5×10 19 at./cm 3 ), suppresses B diffusion [5] [6] [7] . Although C has a very low bulk solubility in Si, using growth techniques such as low temperature MBE it can be incorporated at supersaturated levels which are required for B retardation. According to a model proposed [8] , the suppression of B diffusion due to C is a result of an undersaturation of interstitials caused by the out-diffusion of supersaturated C from C-rich regions. The model has been applied to retardation in SiGe also [9] . There is evidence that B diffusion in SiGe is reduced with the Ge content in strained SiGe [10, 11] and also with the C content [12] .
Processes such as dry oxidation can strongly perturb the equilibrium concentrations of point defects and alter the diffusion rates of dopants. During high temperature oxidation of a Si surface, interstitials are injected [3, 13] . Since Boron diffuses mainly via interstitialcy type defects in Si [3, 4] the diffusion is enhanced as a result of interstitial supersaturation in the material. Annealing of a silicon nitride film on the other hand injects vacancies which cause an undersaturation of interstitials in the bulk material [14] [15] [16] ; hence boron diffusion is retarded in this case. Surfaces masked with SiO 2 -Si 3 N 4 films undergo no injection when annealed [15] . By annealing samples with either a bare, Si 3 N 4 film or SiO 2 -Si 3 N 4 layered surface in an O 2 ambient, it is possible to create interstitial injection, vacancy injection or inert (non-injection) conditions respectively, in a single experiment [17] . One aim of this work is to examine how the retardation effect of C is affected under vacancy or interstitial injection.
Experimental Technique
In this study, B containing marker layers of either Si or strained SiGe were grown on Czochralski (100)-oriented, 4-inch diameter substrates using gas-source MBE. Some of the wafers additionally contained a grown-in carbon peak. These structures are illustrated in Fig. 1 and their B, C and Ge concentrations measured using secondary ion mass spectrometry (SIMS) are shown in Table 1 . The growth temperatures for the SiGe:C containing layers were 520°C but the capping layers were grown at a higher 600°C. The thickness of the Ge layer is below the critical thickness for lattice relaxation and therefore we can expect the SiGe and SiGe:C layers to be strained. In view of the growth technique, we also expect most of the C to be incorporated substitutionally.
Each wafer was then sawn in half and divided further into three sections. On the first section a silicon nitride layer was deposited using low pressure chemical vapor deposition (LPCVD) over a pre-deposited low temperature silicon dioxide (LTO) layer. The second section had only the nitride layer while the third was left uncoated. These surface layers are illustrated in Fig. 2 . We can expect inert, vacancy and interstitial injection conditions to exist in the first, second and third sections, respectively during annealing in oxygen ambient [14] . Samples cut into size 1×1 cm 2 were then rapid thermal annealed (RTA) at 940, 1000, and 1050ºC for 30, 60 and 15s respectively, in O 2 . After annealing, the layers of oxide and nitride were stripped using standard chemical techniques.
Depth profiles of B, C and Ge were measured using secondary ion mass spectroscopy (SIMS) with O 2 + primary ion beam of 10 keV energy. An example of SIMS concentration profiles is given in Fig. 3 . Table 1 , prior to RTA annealing.
Diffusion coefficients of B in each type of matrix were determined by simulation, using the parameter optimizer available with Athena software [18] .
Results and Discussion
Fig . 4 shows the B concentration profiles present in the structure (a) of Table 1 , before and after annealing at 1050ºC for 15s under inert and injected conditions. In the interstitial injected sample, B has diffused far more rapidly than in the non-injected (inert) sample. There is a slight retardation due to vacancy injection but the effect is much smaller in comparison to the substantial enhancement observed for interstitial injection. Similar enhancement and retardation behaviors could be observed at lower 1000 and 940°C. The diffusion coefficients obtained at these temperatures are illustrated in the Arrhenius plots of In Fig. 5 , diffusion coefficients calculated by us for the non-injected annealing conditions are compared with those reported by Fair [19] . At all three temperatures considered, our values are in close agreement with that given in [19] and this gives us confidence that MBE material is fairly high quality and that sufficiently inert annealing conditions existed in SiO 2 -Si 3 N 4 covered samples shown in Fig. 2 (ii). The results obtained in this study can be compared with some limited data available in the literature. It has been reported that between 750-900ºC, B diffusivity in Si is suppressed by C, by a factor which is dependent on the concentration of C and which is almost independent of temperature [7] 
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data is also constant (0.14±0.01) for 940 and 1000ºC, but it is for a peak C level of 5×10 19 atoms/cm 3 . This value is fairly consistent with that quoted in [7] . Fig. 7 compares B diffusivity at 1000ºC in Si, SiGe, Si :C and SiGe:C under inert, vacancy injection and interstitial injection conditions. In all samples, interstitial injection increases B diffusion considerably. Under vacancy injection, however, B diffusion was suppressed in all samples except perhaps in Si:C.
These results suggest that B diffusion in all four types of materials is occurring mainly via interstitials. Although the presence of C reduces B diffusion significantly in both Si and SiGe under inert annealing conditions, its effect can be overcome by interstitial injection. This is more evident in Si:C in which enhanced diffusivity due to interstitial injection is very much comparable with that in Si without C. 
Conclusions
Marker layers grown using MBE were used to study B diffusion in Si, SiGe, Si:C and SiGe:C under inert, vacancy injection and interstitial injection conditions at 940, 1000 and 1050°C. Under inert conditions, B diffusion is retarded both by Ge (11%) and C (0.1%) although the suppression effect 
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of C is large compared to that of Ge. In all materials, interstitial injection enhances B diffusion considerably, compared to inert condition. These results suggest that B diffusion occurs mainly via an interstitial mediated mechanism in all four structures. Under vacancy injection B diffusion is retarded although the observed effect is much smaller than the enhancement due to injection. The substantial increase of B diffusivity under interstitial injection, even in 0.1% carbon-containing samples, suggests that the interstitial undersaturation due to the presence of C can be overwhelmed by the injected flux of interstitials.
